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17O–NMR Knight shift study of the interplay between superconductivity and
pseudogap in (CaxLa1−x)(Ba1.75−xLa0.25+x)Cu3Oy
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We report systematic 17O–NMR measurements on the high-Tc cuprate
(CaxLa1−x)(Ba1.75−xLa0.25+x)Cu3Oy , for four different families (different x). Using Knight
shift data, we show that the pseudogap opening temperature T∗ is much higher than Tc near
optimal doping, unlike structurally similar YBCO. In addition, at constant doping the pseudogap
temperature does not vary with x, in contrast to Tc. This puts constraints on the nature of the
pseudogap and position of the quantum critical point inside the superconducting dome.
PACS numbers: 74.72.Kf, 74.72.-h, 74.25.nj
I. INTRODUCTION
The pseudogap (PG) is still one of the most important
and yet among the least understood features of cuprate
physics.1–5 It is experimentally seen as a partial gapping
of the electronic spectrum below an onset temperature
T ∗, mostly in the underdoped part of the cuprate phase
diagram. Although such a gapped area of the phase di-
agram has been found in all hole-doped high-Tc super-
conductors so far, the universality of its characteristics is
controversial. In the underdoped region, the pseudogap
onset temperature T ∗ decreases as hole doping increases,
but in the optimally doped and overdoped regions the
behaviour (and indeed the existence) of the pseudogap
is uncertain. It has been suggested that the PG line
intersects the superconducting (SC) dome in the phase
diagram – as seems to be the case in the most stud-
ied cuprate YBa2Cu3Oy (YBCO) – or merges with the
dome on the overdoped side.6 Although it has long been
speculated that the pseudogap is in some way related
to high-Tc superconductivity, these conflicting possibil-
ities preclude any general agreement on the nature of
such a relation. The pseudogap state could be a direct
precursor to superconductivity, coexist independently, or
compete.2,7–9 It is even ambiguous whether T ∗ is a true
phase transition10 or simply a crossover temperature.
Several theories have been proposed to explain the
phase diagram, including the loop current model,11 or-
bital density wave (ODW),12 or interpenetrating spin-
orbital density waves.13 An idea which has recently at-
tracted increased attention due to results on YBCO is
a connection between superconductivity, pseudogap and
quantum critical behaviour.10 In that picture the pseu-
dogap line is a line of real phase transitions, intersecting
the superconducting dome close to optimal doping and
ending in a quantum critical point14 (QCP) at T = 0.
A loop current model has been proposed in this con-
text to explain the phase diagram.11 Several experi-
ments indicate the existence of circular currents in un-
derdoped YBCO,15,16 and recently evidence was found
that a thermodynamic phase transition indeed occurs at
(or close to) T ∗.10 These experiments bring up the im-
portant question whether such a model for the pseudo-
gap is universal in all cuprates, and, more generally, if
high-Tc superconductivity as such is a consequence of
quantum criticality? Due to several advantages – rel-
ative structural homogeneity, high transition tempera-
tures, and quality of available crystals – YBCO is the
most studied cuprate17,18 (at least in terms of pseudo-
gap physics) and there is a tendency to regard results on
YBCO as universal. It is our purpose to discuss pseudo-
gap data for a structurally very similar system of cuprates
– (CaxLa1−x)(Ba1.75−xLa0.25+x)Cu3Oy (CLBLCO), in
order to check PG universality in cuprates. We show
strong experimental evidence that the quantum critical
behaviour of the pseudogap is not universal, as T ∗ is still
very far from SC dome in optimally doped CLBLCO,
in spite of very similar critical temperatures and struc-
tural features compared to YBCO. Our data instead indi-
cate that pseudogap and superconductivity are coexisting
phenomena, with no simple relation between them.
II. SAMPLES AND EXPERIMENTAL
TECHNIQUE
(CaxLa1−x)(Ba1.75−xLa0.25+x)Cu3Oy is a unique sys-
tem in which one may chemically control not only the
oxygen doping y, but also the maximum Tc for the op-
timal oxygen doping (by changing x). It has an YBCO-
like structure for all families (x) and oxygen doping lev-
els (y)19 (see Fig. 1). All samples are tetragonal and
there is no chain ordering. CLBLCO families have neg-
ligible structural differences,20 but the highest super-
conducting transition temperature varies up to 30% be-
tween families.21 Tc is around 80 K for optimally doped
(y ≈ 7.15) sample from the x = 0.4 family – close to
optimally doped YBCO. One can roughly imagine the
CLBLCO families to be an extension of YBCO, with the
advantageous possibility of systematically tuning elec-
tronic interactions by changing the family x without dras-
tic changes in crystal structure. Similar structures with
varying superconducting and magnetic properties thus
make CLBLCO ideal for understanding the relation be-
2Figure 1. (Color online) CLBLCO unit cell, which is tetrago-
nal and very similar to YBCO cuprate. There is no ordering
of chain oxygen O(1).
tween superconductivity and pseudogap temperature.
The level of disorder in the CLBLCO system has been
investigated by several experimental techniques. The
most direct measurement was done by High resolution
powder X-ray diffraction (HRPXRD) studies.22 It was
found that line widths of the (006) and (200) Bragg peaks
and the isotropic atomic displacement factor for the
Ba/La site, for the optimally doped CLBLCO, slightly
increase as x increases. This indicates disorder increase,
mainly on the Ba site, as more Ca is introduced into the
system. This anticipated result cannot explain the in-
crease in Tc as x increases. A clearer result was obtained
by Raman scattering which shows that the most pro-
nounced phonon peak at 300 cm−1 is in fact narrower for
the x = 0.1 than for the x = 0.4 family. The width of this
peak is a measure of the phonon coherence length. The
cleaner the material the longer is this length and the nar-
rower is the peak.23 The Raman scattering measurements
indicate that despite its lower Tc, the x = 0.1 is cleaner.
Angle resolved photo emission spectroscopy (ARPES)
measurements were also performed on CLBLCO.24 They
determined the electronic band structure. While the line
width of the energy dispersion curve (EDC) peak at the
Fermi momentum (kF ) is a measure of the single parti-
cle lifetime, the line width of the momentum dispersion
curve (MDC) at the Fermi energy (EF ) is a measure of
the single particle coherence length. No quantitative dif-
ferences were found between the EDC line widths. The
MDC of the x = 0.1 sample is broader in the nodal direc-
tion, and narrower in the anti-nodal direction. Since the
anti-nodal direction is more relevant to HTSC, it seems
that from the ARPES point of view, the x = 0.1 sample
is again less disordered one. Finally, NMR on Cu,25 O
(Ref. [26] and our high–resolution measurements below)
and Ca27 show that the line width of all nuclei are the
same for both families. The NMR line width is a measure
of the local distortions and magnetic impurities next to
the detected nuclei. Identical line width implies identical
local environment for both families. All measurements
point that family with higher maximum Tc has more or
equal disorder, which means that it is not a relevant pa-
rameter in the CLBLCO system.
We present 17O nuclear magnetic resonance (NMR) re-
sults for four different CLBLCO families (x = 0.1− 0.4).
The x = 0.1 family was comprehensively studied by mea-
suring six samples with different oxygen doping, while
the other families (x = 0.2 − 0.4) were represented by
two or three different dopings. For our measurements
samples were prepared as described in Ref. 26. All sam-
ples were characterised with a SQUID magnetometer and
all show single–component superconducting transition.
Oxygen concentration was determined using well-known
CLBLCO phase diagram (Fig. 4a).26 The CLBLCO sam-
ples were in powder form, enriched with the NMR active
oxygen isotope with nuclear spin I = 5/2. Only un-
derdoped and nearly optimally doped samples have been
measured because of technical difficulties in enriching the
overdoped samples with 17O. Preparation of overdoped
samples includes high pressure or liquid oxygen. Due to
the price of 17O it cannot be done with this isotope.
NMR spectra were acquired with a Tecmag Apollo
spectrometer, in an Oxford superconducting variable-
field magnet at different magnetic fields in the vicinity
of 11.5 T. Spectra were acquired by a standard Hahn
echo sequence, followed by Fourier transform of the echo
signal. The only previous 17O NMR study on CLBLCO26
was concerned with the nuclear quadrupole resonance pa-
rameter νQ – here we focus only on the central transition
(−1/2 ↔ 1/2) where we found two distinct NMR lines
from different oxygen sites.
III. RESULTS
In Fig. 2a we show spectrum for different repetition
times (trep) between NMR data acquisitions. For slow
nuclear spin-lattice relaxations (trep < 5T1) nuclei can-
not return to equilibrium in time for another acquisi-
tion. This results in signal reduction.28 By increasing
repetition time we get saturation for higher frequency
line at trep > 150 ms, while the lower frequency line
remains unsaturated, implying slower spin-lattice relax-
ation. This is expected for cuprate superconductors.29,30
Based on YBCO results, we assign the line at lower fre-
quency (slowly relaxing) to apical oxygen O(4), while the
fast-relaxing line at higher frequency comes from the in-
plane oxygen O(2,3). The third oxygen site O(1) which
would correspond to the chain oxygen in YBCO, is dif-
ficult to see in powder samples due to disorder-induced
broadening (O(1) is far from the CuO2 planes where dis-
order is significant), and we do not observe it.
The 17O–lines are similar in width in all measured sam-
ples, leading us to conclude that structural disorder is
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Figure 2. (Color online) (a) Central NMR transition of 17O
with two distinct lines. Powder spectrum recorded with repe-
tition times (trep) of 3 (black), 10, 150 and 300 ms (red). The
apical oxygen site O(4) has much slower spin-lattice relax-
ation than in-plane oxygen O(2,3). Sample: x = 0.4, y = 7.1.
Inset: comparison of two different families (x = 0.1 and 0.4)
at (approximately) same oxygen doping y. The difference be-
tween linewidths are 6% for apical and negligible (less than
1%) for in-plane oxygen. (b) Spectra at different tempera-
tures. Thick grey line follows in-plane oxygen peaks. The
shift of the apical oxygen is temperature-independent, as is
denoted by dashed line. Intensity of apical oxygen varies be-
cause its relaxation time shortens with temperature. Sample:
x = 0.1, y = 7.05.
constant through all families (as seen by NMR). Com-
parison of disorder in different families can be seen in
inset of Fig. 2a. Gaussian fits to spectra give negligible
linewidth difference for planar oxygen. In contrast, apical
oxygen in x = 0.4 sample has 6% wider line than x = 0.1.
This confirms that disorder is small and far from CuO2
planes. It is thus safe to say that any differing behaviour
is purely due to electronic properties.
The in-plane oxygen shows a temperature-dependent
Knight shift, while the apical site has no visible shift
(Fig. 2b), also in agreement with YBCO.31 Using mea-
sured values of the Knight shift, one can determine the in-
plane spin susceptibility at the oxygen site, χs(T ), from
K(T ) = Korb + aχs(T ) , (1)
where Korb is orbital shift due to bound electrons and a
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Figure 3. (Color online) In-plane oxygen line position in refer-
ence to apical oxygen position for sample x = 0.1, y = 7.035.
For fitting, only points above the superconducting transition
Tc are taken into account. As the gap opening is not abrupt,
the pseudogap temperature T ∗ is not easily distinguished in
the plots, but acquired as parameter from a fit function (dot-
ted line - see text). Inset: Knight shifts for x = 0.1 samples
with various y. Each sample is offset on vertical axis for bet-
ter display. Topmost sample is near-optimal doping, and its
shift still strongly depends on temperature.
is the hyperfine coupling. By lowering the temperature,
we observe a reduction in spin susceptibility (Fig. 3),
which is a characteristic signature of the opening of a
spin gap.31,32 Interestingly, in the near-optimal sample
(y = 7.105) pseodogap still remains substantially open
(as can be seen in inset of Fig. 3).
In order to determine the pseudogap characteristic
temperature T ∗ from the temperature dependence of
the Knight shift, we have employed an often-used phe-
nomenological three-parameter function:33–35
K(T ) =
aχ0
cosh2 (T ∗/2T )
+Korb , (2)
where Korb, aχ0 and T
∗ are fit parameters. As can be
seen from Fig. 3, the fit is very good above Tc.
IV. DISCUSSION
In Fig. 4a we show our Knight shift results for the
x = 0.1 and x = 0.4 families and compare them with
previous CLBLCO T ∗ data on the same family obtained
by Ca–NMR Knight shift measurements27 and SQUID
magnetization.36 As can be seen, this study is in agree-
ment with earlier analysis, with the largest discrepancies
arising from SQUID x = 0.1 data. Since NMR directly
probes local spin susceptibility on oxygen sites in the
planes, and the oxygen Knight shift being sensitive only
to pseudogap opening (with no large additional signal, as
in SQUID measurements), we concur that our 17O-NMR
4Figure 4. (Color online) (a) CLBLCO phase diagram. Com-
parison between O-NMR measurements presented in this pa-
per and Ca-NMR and SQUID susceptibility measurements
from Refs. 27 and 36. Presented are only x = 0.1 and x = 0.4
samples. Abscissa is oxygen doping parameter y. Lines are
guides to the eye. (b) Phase diagram for all measured sam-
ples. Chemical doping y is replaced with the in-plane hole
concentration relative to in-plane optimal doping, ∆p (see
text). The dashed pseudogap line is guide to the eye.
measurements are the most reliable of the three experi-
mental methods. The general behaviour of the pseudo-
gap onset temperature agrees with other cuprates: T ∗ is
higher for more underdoped samples, and decreases seem-
ingly linearly with increased oxygen content (y). How-
ever, the nearly optimally doped samples still show a
strong temperature dependence of the spin susceptibil-
ity. Also, the family with higher maximum Tc (x = 0.4)
has lower pseudogap temperatures. This result implies
different PG behaviour with respect to SC dome in vari-
ous families.
A more uniform picture emerges if we allow for the
fact that the oxygen doping y is not a good measure of
mobile holes in the planes. As discussed earlier,36–39 µSR
and NQR measurements indicate that the proper doping
parameter for CLBLCO is ∆p, the difference of in-plane
hole doping, p, from optimal doping popt for the given
family. ∆p is related to chemical oxygen doping y via
∆p = K(x)(y − yopt) ,
where yopt is the chemical doping of optimal sample and
K(x) is a family-dependent parameter that accounts for
plane doping efficiency.38 If ∆p is used in place of y, all
SC domes acquire a similar shape. In Fig. 4 we show
the scaled phase diagram with results from all families.
Although the lack of samples with wide y variation in
x = 0.2 − 0.3 prevents us from making any strong as-
sertions there, it can still be seen that all the data is
consistent: spectral widths, frequency and temperature
behaviour differ only slightly between families. All T ∗
points collapse roughly onto the same line.
From the unscaled raw data it is apparent that the
family with highest Tc tends to have the lowest T
∗, and
vice versa. Once the ‘true’ hole doping is introduced, the
anticorrelation is less pronounced, but it remains that
T ∗ is much less affected by a change in x than the super-
conducting transition temperature. A weak correlation
between the Ne´el temperatures of underdoped CLBLCO
and T ∗ was observed in a magnetic susceptibility study,
indicating a magnetic origin of the pseudogap.36 The in-
trinsic uncertainty of T ∗, the small variation of TNeel be-
tween families and the relatively small number of differ-
ently doped samples investigated prevent us from giving
definite conclusions about the scaling of T ∗ with TNeel in
this study. However, as mentioned above, we do observe
that the relative variation of T ∗ with x is much smaller
than the change in Tc (noting that the influence of x on Tc
is an interesting subject itself26). In view of the relative
robustness of T ∗, the prospect of pseudogap as a generic
consequence of Mott physics seems appealing to us,40 but
detailed calculations and more extensive experiments are
needed in order to substantiate the proposition.
The near-constancy of T ∗ with changing x places con-
straints on any theory of the pseudogap. If the pseudo-
gap is due to a distinct ordering (such as incommensurate
spin density wave, orbital density wave, or similar12,13),
the order must be insensitive to the lattice deformations
(and corresponding variation of electronic hopping inte-
grals) brought upon by changing x.38,39 Regarding the
position of the tentative quantum critical point in rela-
tion to the superconducting dome, it is obvious that in
this system it does not lie near optimal doping, since
here T ∗ is close to 200 K. Although we cannot reliably
determine the position of the QCP from available data,
it is clear that it is inconsistent with the proposed loca-
tion close to optimal doping.11 Also, we observe a signif-
icant difference from experimental results on the similar
YBCO,15,16 where the QCP appears to nearly coincide
with maximum Tc. From our results it seems that po-
sition of quantum critical point is not universally close
to optimum doping, but depends on the details of the
system. In that case high-temperature superconductiv-
ity cannot be simply related to quantum-critical fluctua-
tions.
5V. SUMMARY
To conclude, we have detected a spin gap in the Knight
shift of in-plane oxygen atoms in the cuprate family
CLBLCO, confirming the universality of the pseudogap
in cuprates and gaining insight into the nature of the
pseudogap state. Our systematic 17O investigation of
CLBLCO families shows that the local level of chemi-
cal disorder is similar in all investigated samples, mak-
ing them suitable for investigating purely electronic ef-
fects. We observe different behaviour of pseudogap and
superconductivity among different CLBLCO families, in-
dicating that pseudogap and superconductivity are not
directly correlated. Our data also indicate that the pseu-
dogap extends into the overdoped side of the phase di-
agram, in contrast to results on the well-known, struc-
turally similar cuprate YBCO. This suggests that the re-
lation between pseudogap line and superconducting dome
observed in YBCO is not universal for the cuprates. As
the in-plane electronic parameters vary smoothly across
all investigated CLBLCO families, the interplay between
superconductivity and pseudogap is here visible with un-
precedented clarity, providing an important benchmark
for theories of the pseudogap state.
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